Abstract. This study investigates the utility of adaptive Radial Basis Function (RBF) networks for estimating hourly grass reference evapotranspiration (ET0) from limited weather data. Nineteen days of micrometeorological and lysimeter data collected at half-hour intervals during 1962-63 and 1966-67 
two advantages over many other equations. First, it can be used globally without any local calibrations due to its physical basis. Secondly, it is a well documented equation that has been tested using a variety of lysimeters. The FAO-56 Penman-Monteith combination equation (FAO-56 PM) has been recommended by the Food and Agriculture Organisation of the United Nations (FAO) as the standard equation for estimating reference evapotranspiration (ET o ). The FAO-56 PM equation requires numerous weather data: air temperature, relative humidity, wind speed, net radiation and soil heat flux. The main shortcoming of this equation is that it requires numerous weather data that are not always available for many locations.
The purpose of this paper is to develop an adaptive Radial Basis Function (RBF) networks for hourly estimation of ET o from limited weather data and to be able to accurately estimate hourly values of ET o compared against lysimeter data.
In this paper, two sequentially adaptive RBF networks with different number of inputs (ANNTR and ANNTHR) and two FAO-56 Penman-Monteith equations with different canopy resistance values (PM42 and PM70) were evaluated against hourly lysimeter data from Davis, California.
MATERIALS AND METHODS

Study area and data collection
The Campbell Tract research site in Davis (38 o 32' N; 121 o 46' W; 18 m above sea level) is characterized with the semiarid Mediterranean climate. Lysimeters in use at Davis consist of the two units. The weighting lysimeter was installed in 1958-59. This lysimeter is circular, 6.1 m in diameter, and a depth of 0.91 m. The floating drag-plate lysimeter, identical in size to the earlier one, was installed in 1962. In the period 1959-67 both lysimeters were in grass (perennial ryegrass, 1959-63; alta fescue, 1964-67) and were located about 52 m apart near the middle of 5.2 ha grass field. The soil in and around the lysimeters was disturbed Yolo loam. The grass was maintained at height between 8 and 15 cm until optimal water conditions. Irrigations were applied following a 0.075 m depletion of soil moisture. The ET o data were measured in kg of weight loss from the weighting lysimeter and converted to standard units (1 kg h -1 = 0.008554 mm h -1 ). Comparison was made for the 1966-67 data with ET from the floating drag-plate lysimeter, and agreement within 2% was usual.
The micrometeorological data were taken from smoothen profiles (at heights of 50, 100, 140, and 200 cm) of temperature, humidity and wind. Wet-and dry-bulb thermopile sensors gathered the profile data for temperature and humidity. A separate system measured profiles of absolute humidity using an infrared hydrometer as the sensor. Thornthwaite cup anemometers gathered wind profile data. Net radiation was measured at 2 m above the grass surface with a forced-ventilated radiometer. The soil heat flux was measured as the mean of three heat flux plates buried at 0.01 m depth in the soil.
The available data were collected at half-hour intervals during 1962-63 and 1966-67 (Pruitt and Lourence 1965; Morgan et al. 1971 ). Nineteen days of micrometeorological and lysimeter data were used for training and testing RBF networks (Table 1) . There were few nighttime data provided, so only data during daylight hours were analyzed. This data set had a total of 436 patterns. 
FAO-56 Penman-Monteith equation
The FAO-56 PM equation for hourly calculations can be expressed as (Allen et al. 1998): . Todorovic (1999) found out that when the canopy resistance is calculated for Davis data by his model, the r c values resulted in an average value of 40 s m -1 for most days.
Artificial neural networks
ANNs offer a relatively quick and flexible means of modeling, and as a result, application of ANN modeling is widely reported in the evapotranspiration literature Data set (436 patterns) was divided into two groups. For the RBF network training, ten randomly chosen days (234 patterns) were used (Table 1) . For verification of RBF network, obtained in a stage of training, the remaining nine days (200 patterns) were used.
The RBF networks were trained with weather data as inputs, and ET o as output. Two RBF networks with different number of inputs (ANNTHR and ANNTR) were considered. Air temperature, humidity, and (R n -G) term were used as inputs in ANNTHR. As opposed to the Penman-Monteith equation, the ANNTHR did not use the wind speed for the ET o calculation. After the completed training, ANNTHR has the following structure: in the input layer, there are three neurons which receive information on air temperature (T a ), humidity (H), and (R n -G) term, in the hidden layer, there are four neurons, and in the output layer, there is one neuron giving the ET o value. The ANNTR requires only two parameters (air temperature and net radiation) as inputs. ANNTR did not use wind speed, relative humidity and soil flux density for estimating ET o . After the completed training, ANNTR has the following structure: in the input layer, there are two neurons which receive information on air temperature and net radiation, in the hidden layer, there are five neurons, and in the output layer, there is one neuron giving the ET o value. 
Evaluation parameters
Several parameters can be considered for the evaluation of ET o estimates. In this study the following statistic criteria were used: root mean squared error (RMSE) and daily deviation (D). The RMSE values were calculated as:
where ET o est,i = estimated half-hourly ET o , ET o_ly,i = half-hourly lysimeter ET o , and n is number of observations. The RMSE value less than 0.074 mm h -1 is acceptable for most practical purposes (Ventura et al. 1999 ).
Daily deviation is estimated using equation:
where ET o est = daily sum of half-hourly ET o estimates, ET o ly = daily sum of half-hourly lysimeter measurements.
RESULTS AND DISCUSSION
Two sequentially adaptive RBF networks with different number of inputs (ANNTR and ANNTHR) and two Penman-Monteith (PM) equations with different surface resistance values (PM42 and PM70) were compared against hourly lysimeter data from verification data set (nine days). The results of this comparison are presented in Table 2 The ANNTHR and the ANNTR were especially successful on May 5, 1967 , and May 09, 1967. These days had extreme values of micrometeorological data (the lowest air temperature, the highest relative humidity, very low net radiation and high wind speed). The ANNTHR and the ANNTR had the negligible departures from the ET o_ly , even though the existence of the cloudiness produced high variations of the grass evapotranspiration during the day. The success is even greater, if it is emphasized that during the training days there were no days with such extreme values of the meteorological data.
The All of the equations paralleled ET o_ly through the day. The PM70 consistently underestimated ET o_lys . ANNTR, ANNTHR, and PM42 followed hourly ET o_lys quite closely through the day. The ANNTHR slightly overestimated ET o_lys in morning hours, and underestimated ET o_ly in midday. The ANNTR slightly overestimated ET o_lys in morning hours. The PM42 underestimated ET o_ly in midday.
CONCLUSIONS
Two sequentially adaptive RBF networks with different number of inputs (ANNTR and ANNTHR) and two Penman-Monteith equations with different surface resistance values (PM42 and PM70) were tested against hourly daytime lysimeter data from Davis, CA.
The ANNTR requires only two parameters (air temperature and net radiation) as inputs. Air temperature, humidity, and (R n -G) term were used as inputs in ANNTHR. PM equations use air temperature, humidity, wind speed, net radiation and soil heat flux as inputs. The results reveal that ANNTR and PM42 were generally the best in estimating hourly ET o . The ANNTHR performed less well, but the results were acceptable for estimating ET o .
This study indicates that the RBF network using limited weather data was able to reliably estimate hourly ET o for a well-irrigated grass under different atmospheric conditions. The calculation of the hourly ET o is possible only on the basis of the air temperature and the net radiation, without using the wind speed, humidity and soil flux density. These results are of significant practical use because the RBF network with air temperature and net radiation as inputs could be used to estimate hourly ET o when relative humidity and wind speed data are not available. Although the RBF networks exhibit a tendency to obtain a generalized architecture, application of ANNTR to other areas needs to be studied.
